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ABSTRACT 


The  accuracy  of  the  Moire  method  for  determining 
deflections  and  moments  in  laterally  loaded  thin  plates 
has  been  well  established  in  the  literature.  The  main 
purpose  of  this  thesis  is  to  study  whether  or  not  the  Moire 
method  can  be  applied  to  thermally  loaded  circular  plates. 

The  following  three  axisymmetric  problems  have 
been  invest igated: - 

1.  Simply  supported  circular  plate  heated  at  the  centre 
by  an  infrared  heat  lamp. 

2.  Clamped  circular  plate  with  the  same  heating  as  above. 

3.  Elastically  supported  circular  plate  with  uniform 
heating  around  the  edge. 

For  the  first  two  cases  experimental  results  have 
been  compared  with  the  existing  theoretical  results  con¬ 
sidering  temperature  gradients  across  the  thickness  only. 

There  are  no  theoretical  results  available  for  the  last 
case  since  the  boundary  conditions  are  arbitrary. 

It  appears  that  the  Moire  method  can  be  applied  to 
determine  the  deflections  and  moments  in  thermally  loaded 
thin  metal  plates.  The  results  of  the  first  two  cases  show 
that  the  deflection  due  to  temperature  gradient  across  the 
thickness  of  the  plate  is  very  small  in  comparison  with  the 
deflection  contributed  by  radial  temperature  gradient  for 


IV 


the  type  of  edge  conditions  simulated  in  the  experiments . 
The  accuracy  of  the  Moire  method  can  not  be  assessed  since 
theoretical  analysis  corresponding  to  the  experimental  sit 
nation  is  not  available. 
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CHAPTER  I 


INTRODUCTION 

LI  Introduction 


With  the  advent  of  space  age,  the  problem  of 
thermal  stresses  in  thin  plates  became  of  great  importance 
in  the  field  of  machine  design.  In  this  thesis  axisymmet- 
ric  thermal  stresses  in  circular  plates  are  investigated. 
The  theoretical  results  available  for  such  cases  appear 

r  -i  * 


to  be  rather  limited.  In  1953,  Goldberg  1  presented 
the  method  of  cuts  to  determine  the  radial  and  tangential 
bending  moments  in  simply  supported  and  clamped  circular 
plates  having  constant  thermal  gradients  across  the  thick¬ 
ness.  Forray  and  Newman  |2 J  gave  expressions  for  de¬ 
flections  and  bending  moments  in  simply  supported  and 
clamped  circular  plates  subjected  to  axis ymmet ric  temp¬ 
erature  distribution  in  the  form  of  convergent  power 


series.  Boley  and  Weiner 


and  Flugge 


4l 

L  J 


gave  ex¬ 


pressions  for  the  deflections  and  bending  moments  in 
simply  supported  and  clamped  circular  plates  under  an  axi- 
symmetric  temperature  distribution. 

Some  experimental  techniques  are  also  available 


Numbers  in  brackets  designate  references  at  the  end  of 


thesis . 


' 


. 


2 


for  the  study  of  the  thermal  stresses  in  thin  plates. 
Electrical  resistance  type  strain-gauges  have  been  used  in 
the  past  to  determine  the  thermal  strains  on  the  surface 
of  metal  plates.  The  use  of  the  strain-gauge  technique 
is  somewhat  involved  at  elevated  temperatures,  and  en¬ 
tails  large  scale  models  and  extensive  heating  facilities. 

The  photothermoelastic  technique  has  been  de¬ 
veloped  as  an  experimental  approach  to  thermal  stress 
problems.  This  technique  extends  the  conventional 
photoelastic  method  of  experimental  stress  analysis  to 
the  measurement  and  visualization  of  complete  thermal 
stress  fields  arising  from  transient  or  steady  state 
temperature  gradients.  This  method  was  initiated  by 


Gerrard  and  Gilbert 


o 


They  studied  the  thermal  stresse 
in  a  free  disk  with  a  steel  plug  in  the  centre.  The  disk 
was  subjected  to  a  uniform  temperature  field.  They  also 
considered  a  beam  with  suddenly  applied  temperature 
differential  on  one  edge.  The  plastic  used  was  Paraplex 


P-43.  Becker  and  Colao 


b 


studied  the  thermal  stresses  by 
the  same  method  in  rectangular,  circular  and  hexagonal 
plates  with  free  boundaries  having  uniaxial  parabolic 
temperature  distribution.  In  these  investigations  by 
photothermoelasticity  the  temperature  gradients  were 
established  by  refrigeration.  This  overcomes  the  problem 
of  creep  in  plastics  at  elevated  temperatures. 


3 


The  Moire  method  has  been  developed  by  Ligtenberg 
to  determine  the  deflections  and  moments  in  laterally  loaded 
thin  plates.  Ligtenberg  studied  several  laterally  loaded 
thin  plates  and  reported  an  accurracy  of  +5  percent  of  the 


8 


studied 


maximum  moment,  for  the  moments.  Bradley 
laterally  loaded  square  plates  with  and  without  cutouts, 
both  experimentally  using  the  Moire'  method,  and  analytically 
using  finite  differences.  He  found  that  the  agreement  be¬ 
tween  deflections  and  moments  as  found  by  the  two  methods 
was  within  10  percent.  Ligtenberg  and  Bradley  used  plastic 
models  in  these  investigations.  The  possibility  of  using 
metal  models  was  also  discussed  by  them.  One  of  the  dis¬ 
advantages  of  using  plastic  materials  is  that  the  modulus 
of  elasticity  varies  with  humidity  and  temperature.  Tso  [  3  j 
studied  laterally  loaded  thin  metal  plates  by  the  Moire 
method.  He  found  that  the  maximum  error  in  comparison 
with  theory  was  6  percent  for  the  deflections  and  16  percent 
for  the  bending  moments.  Zienkiewicz  and  Cruz  j 10  per¬ 
formed  some  analogue  experiments  on  laterally  loaded  thin 
plates  in  order  to  investigate  the  thermal  stresses  in 
thick  tubes.  They  used  Moire  method  to  determine  the 
curvatures  in  the  analogue  experiments.  Sciammarella  and 


Ross 


11 


used  the  differential  Moire  method  to  investigate 
the  thermal  stress  problem  in  cylinders  subjected  to  a 
symmetrical  temperature  distribution. 


' 
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The  main  objective  of  this  thesis  is  to  investigate 
whether  or  not  the  Moire"  method  can  be  applied  to  the  steady 
state  thermal  stress  problem  in  thin  metallic  plates 0  The 
following  three  axi symmetric  problems  have  been  investigated: 

1„  Simply  supported  circular  plate  heated  at  the 
centre  by  an  infrared  heat  lamp. 

2o  Clamped  circular  plate  with  the  same  heating  as 
above . 

3.  Elastically  supported  circular  plate  with  uniform 
heating  around  the  edge„ 

The  experimental  and  other  details  followed  in  this 
investigation  are  described  in  the  following  pages „ 


' 
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CHAPTER  II 


REVIEW  OF  THEORETICAL  RESULTS 


2.1  Governing  thermoelastic  plate  equations. 

Consider  a  circular  plate  of  thickness,  t.  Any 
point  in  the  plate  may  be  defined  by  cylindrical  polar  co¬ 
ordinates  (r,  9,  z) ;  the  origin  is  taken  at  the  centre  of 
the  plate  in  its  middle  plane. 

The  following  are  the  governing  thermoelastic  plate 
equations  for  a  circular  plate  subjected  to  a  steady  state 

temperature  distribution  |4 

2 


V2V2F  =  Et  < 


d  /I  dw\ 
\r  d©^ 


|_dr  \r 


-N  2 

o  w 


(1  Sw  +  i_  _  av2T 

2  V  %  2  -n  ~  2  /  m 

^r  a r  r  oO  / 


2  2 

DV  V  w  = 


1  dF  |  1  dV 
xr  dr  r2  d©2 


d  2w  ~d_ 
dr2  “  d: 


'1  dF  ^ 
vr  d©y 


d_ 

dr 


(l.a] 

'l  dw "d 
^r  d  0 1 


d  2F  fl_  dw  _j_  1__  d  2ws 
dr2  ^r  dr  r2  d©2' 


-  (1  +  v)  Dav^<3> 


(l.b) 


where , 
2 


V  = 


d 2  _j_  1  d _  _j_  _1__  d  2 

dr2  r  dr  r2  d©2' 


=  Laplacian  operator, 


F  = 


Airy's  Stress  Function, 
t 


m 


1 

t 


+ 

r 

2 


T.dz, 


©  = 


12 


+ 

r 

2 


T.z.dz 


'  •-  .! 
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These  equations  are  based  on  the  following  assumptions 

(i)  The  plate  is  in  a  state  of  plane  stress. 

(ii)  The  deformations  of  the  plate  due  to  shearing  stresses 
are  neglected. 

(iii)  The  plate  constants  E,  v  and  a  are  independent  of 
temperature . 

The  differential  equations  l.(a)  and  l.{b)  are  non¬ 
linear,  and  their  general  solutions  are  not  available.  They 
are,  as  noted  in  4 J  restricted  to  small  displacements  u  and 
v  but  deflection  w  can  be  finite.  If  w  is  also  small,  the 
non-linear  terms  may  be  neglected,  giving 


2  2  2 
V  V  F  =  -Etav  T 

m 

2  2  _  /  jl.  \ 

VVW  =  -  (1  +  v)  av  ® 


(2  .a) 
(2.b) 

For  a  circular  plate,  in  which  the  temperature 
varies  across  the  thickness  and  along  the  radius,  but  is  in¬ 
dependent  of  the  polar  angle  9,  the  general  solution  of 
equation  2.(b)  is  given  by  j^4j  , 
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where,  H(r)  =  J  §r.dr 
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The  bending  moments  are  given  by 
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Substituting  for  w  in  the  above  equations, 
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2(l+v)c2  +  -^2~"  H(r) 
r 

2  ( 1+v)  -  — |--H(r)  + 
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and  ( 5  «,  a) 

(1-v)© 

(5.b) 


The  constants  and  are  determined  from  the 
boundary  conditions  as  follows: 

a)  Simply  supported  circular  plate. 

Since  the  boundary  conditions  are  w  =  0  and  M  =  0 

1C 

along  the  edge  at  r  =  a,  it  follows  that 

C1  *  "a  c2  =  2 (1+v)  H(a) ° 

b)  Clamped  circular  plate. 

Since  the  boundary  conditions  are  w  =  0  and  “■  =  0 
along  the  edge  at  r  =  a,  it  follows  that 


2  -  1  \ 
c1  -  -a  c2  -  -  —  H ( a)  . 

Let  and  T2(r)  temperatures  at  the 

4“ 

points  (r,0,+  ~)  .  Provided  T2(r)  “  T2(r)  ^ s  sma-!--t  the 

thermal  conductivity  may  be  assumed  constant,  so  the  thermal 
gradients  across  the  thickness  are  constant.  The  temp¬ 
erature  rise  T  at  any  point  (r,0,z)  in  the  plate  is  then 
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given  by, 


T  = 
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T  +  T 

l(r)  2(r) 


+  t 


where ,  t 
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The  foregoing  solution  for  the  deflection  given  by  equation 

(3) ,  does  not  (as  was  pointed  out  by  Goodier  jl2  )  take  into 

1 


V 


Tl(r)+T2£r) 


-T 


account  the  effects  of  the  term 
which  is  independent  of  z.  This  term  represents  a  radial 
temperature  distribution,  which  would  introduce  membrane 
forces  in  the  plate  if  the  plate  were  constrained  from 
radial  movement  at  the  edge.  The  survey  of  literature 
shows  that  as  yet  there  is  no  solution  available  which  takes 
into  account  these  radial  thermal  gradients.  No  attempt 
was  made  in  this  thesis  to  obtain  such  a  solution. 


CHAPTER  Ill 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


3.1  The  Moire'  Method „ 

The  Moire"  method  provides  the  slopes  at  all  points 
on  the  plate  model.  Knowing  the  slopes  the  curvatures  and 
deflections  can  be  computed.  From  the  knowledge  of  curv¬ 
atures  the  bending  moments  can  be  determined  in  the  plate 
model.  The  principles  of  Moire'"  method  were  fully  ex¬ 
plained  by  Ligtenberg  7  and  Bradley  13]  .  They  are 

briefly  reviewed  here  for  completeness. 

The  essential  elements  of  the  Moire'"  apparatus  con¬ 
sist  of  the  plate  model  having  a  reflecting  surface,  a  fine 
lined  grid  of  alternate  black  and  white  lines  of  equal 
width,  and  the  camera,  mounted  behind  a  small  hole  in  the 
screen,  as  shown  in  Fig.  1.  The  grid  is  illuminated  with 
four  photoflood  lamps.  The  distance,  L,  from  the  plate 
model  to  the  grid  was  25  in.  And  the  distance,  b,  from 
the  plate  model  to  the  lens  of  the  camera  was  26.25  in. 

(i.e.  b  =  1.05L).  Further  details  of  this  apparatus 
are  given  in  reference  9  .  The  test  set  up  is  shown  in 

Figs.  2(a)  and  2(b). 

The  slopes  are  determined  by  first  taking  a  photo¬ 


graph  of  the  image  of  the  grid  reflected  by  the  unloaded 
plate  model,  and  then  photographing  on  the  same  negative 
the  image  of  the  grid  reflected  by  the  loaded  plate  model. 


Heat  Flux  Unloaded  Plate  Model 
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Fig.  1.  Schematic  diagram,  for  Moire  Principle. 
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Fig.  2(a).  General  view  of  the  Moire"  Apparatus. 


Fig.  2(b).  General  view  of  the  Moire  Apparatus. 
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The  interference  of  the  two  images  produces  Moire"*  fringes. 
These  fringes  can  be  interpreted  as  contour  lines  for  the 
slopes.  The  change  in  slope,  at  any  point  R,  on  the 
plate  model,  from  the  unloaded  condition  to  the  loaded 
condition  is  determined  by  finding  the  difference  (A)  be¬ 
tween  distances  f  and  e  (as  shown  in  Fig,  1) ,  e  is  the 
distance  from  the  axis  3>I  to  the  point  on  the  surface  of 
the  grid  reflected  to  the  photographic  negative  by  the 
point  R  on  the  unloaded  model,  f  is  the  distance  from 
the  axis  I-I  to  the  point  on  the  surface  of  the  grid  re¬ 
flected  by  the  same  point  R  on  the  loaded  model. 

For  a  curved  screen  it  can  be  shown  that  [7,13]  , 

A  *  f  -  e  «  2L0 

The  Moire"  fringes  on  the  print  will  result  in  a  series  of 
light  regions  and  other  regions  in  which  the  original  grid 
appears ,  The  change  in  slope  4> ,  for  the  plate  model  in 

going  from  one  fringe  to  the  neighbouring  fringe  is  given 

d 


by,  4>  - 


7  13 
2L  l_'>  _ 


For  the  apparatus  used  the  change  in 


slope  between  the  neighbouring  fringes  is  0,002,  i.e, 
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Fig*  3.  Moirex  Fringe  Pattern  for  the  Clamped  Cir¬ 
cular  Plate,  with  Uniform  Loading, 

2 

q  ~  6  a  44  Ib/in.  Brass  plate, 

thickness  =  0,0907  in,,  diameter  ~  9.0  in., 

Maximum  Deflection,  w  =  0.03458  in. 

’  max 

For  example,  Fig,  3  represents  the  Moire  fringes  for 
the  clamped  circular  plate  with  uniform  loading.  This 
picture  was  taken  with  the  grid  direction  being  horizontal. 
From  these  fringes  the  slopes  of  the  plate  model  along  its 
vertical  diameter  can  be  determined.  Since  the  edge  of 
this  plate  is  clamped,  the  slope  in  the  radial  direction 
at  the  edge  is  zero.  In  this  picture  the  fringes  are  of 
zero  order  at  the  ends  of  the  vertical  diameter.  From 
symmetry  the  slope  is  also  zero  at  the  centre  of  the  plate. 
With  this  information  these  Moire""  fringes  can  be  analysed 
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and  the  slope  versus  radius  curve  can  be  drawn  for  this 
plate.  The  deflections  are  found  by  integrating  the  area 
under  the  slope  versus  radius  curve.  The  curvatures  are 
computed  by  taking  the  slopes  of  the  slope  versus  radius 
curve . 

3.2  The  Apparatus. 

a)  Model  Supports. 

The  plate  model  tested  was  held  in  a  vertical  pos¬ 
ition  in  the  test  frame.  In  this  investigation,  simply 
supported,  clamped  and  elastically  supported  circular 
plates  were  studied. 

For  the  simply  supported  circular  plate,  two  1  in. 
thick  steel  plates  were  machined  as  shown  in  Fig.  4(a) . 

The  plate  model  was  supported  on  the  knife  edges,  on  both 
faces.  The  assembly  was  drawn  together  by  barely  tight¬ 
ening  the  twelve  1/2  in.  bolts.  The  tip  of  the  knife  edge 
was  about  1/64  in.  thick,  having  an  inner  diameter  of  9,078  in. 

For  the  clamped  circular  plate,  two  1  in.  thick 
steel  plates  were  machined  as  shown  in  Fig.  4(b) ,  The 
assembly  was  clamped  together  by  twenty-four  1/2  in.  bolts. 

The  bolts  were  gradually  tightened  to  a  torque  of  70  ft-lb. 
using  a  torque  wrench,  to  achieve  the  clamped  boundary 
conditions.  The  inner  diameter  of  the  support  steel 
plates  was  9  in. 


' 


n  i  >Iori 


-  •  ».  •  v. 


9,076 
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For  the  elastically  supported  circular  plate,  the 
plate  model  was  supported  on  the  knife  edges,  in  between 
two  1  in.  thick  steel  plates  as  shown  in  Fig.  4(c) .  Elast¬ 
ically  supported  boundary  conditions  were  achieved,  by 
tightening  the  twenty-four  3/8  in.  bolts  to  a  torque  of 
40  in-lb.  torque  each  time.  The  tip  of  the  knife  edge  was 
about  1/64  in.  thick  having  an  inner  diameter  of  8.016  in. 
The  insulation  and  the  calrod  are  shown  in  Fig.  4(d) . 


Fig.  4(d) „  Model  Support  for  the  Elastically  Supported 
Circular  Plate,  showing  the  Calrod  and  the 
Insulation . 


f 
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b)  The  model., 

In  this  investigation,  ALCLAD  7Q75-T6,  QQ-A-287A 
ALCOA,  Q.C63  in.  thick  aluminum  sheet  was  used.  One  face 
of  the  plate  model  was  polished  with  silvo  polish.  The 
plate  model  was  polished  to  such  an  extent  that  the  image 
of  the  grid  at  a  distance  of  25  in.  away  could  be  seen 
clearly. 

c)  Heating  arrangement  for  the  plates. 

The  simply  supported  and  clamped  circular  plates 
were  heated  at  the  centre  from  one  face,  with  a  General 
Electric  250  watts  infrared  heat  lamp,  having  a  built-in 
reflector.  The  infrared  heat  lamp  was  mounted  concentric¬ 
ally  with  the  central  axis  of  the  plates,  on  a  square 
steel  bar  fixed  to  the  model  support  as  shown  in  Fig.  5. 
The  lamp  was  mounted  so  that  it  could  be  positioned  along 
this  bar.  The  steel  bar  was  engraved  with  1/16  in.  marks 
to  facilitate  the  measurement  of  distance  between  the 
lamp  and  the  plate.  The  heat  flux  was  controlled  by 
varying  the  distance  between  the  lamp  and  the  plate.  The 
plate  was  heated  from  one  face  mostly  by  thermal  radiation 
and  partly  by  free  convection.  The  plate  lost  heat  into 
the  atmosphere  on  the  other  face  by  free  convection. 

Some  heat  was  also  lost  by  conduction  at  the  plate  edge. 

It  was  possible  to  create  stable  thermal  gradients  across 
the  thickness  and  along  the  radius  of  the  plate  by  heating 


it  in  this  manner. 
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The  elastically  supported  circular  plate  was 
heated  at  the  edge,  by  means  of  a  calrod,  such  that  there 
were  no  thermal  gradients  across  the  thickness  of  the 
plate.  Uniform  heating  across  the  thickness  of  the  plate 
was  achieved,  by  centering  the  calrod  with  the  middle 
plane  of  the  plate.  A  0.315  in.  diameter  circular  cross- 
section,  38  in.  long,  1000  watts  steel  calrod  was  bent  in¬ 
to  a  circle  of  8  1/4  in.  inner  diameter,  to  surround  the 
edge  of  the  plate.  The  bent  calrod  was  fixed  to  the 

bottom  support  steel  plate  by  means  of  six  clamps.  The 
support  steel  plates  were  insulated  from  the  calrod  by  an 


'  -i 
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asbestos  insulation .  The  plate  was  heated  at  the  edge  by 
thermal  radiation  and  free  convection,  and  it  lost  heat 
into  the  atmosphere  from  both  faces  by  free  convection. 
Probably  there  was  also  some  heat  loss  at  the  knife  edge 
due  to  conduction.  The  heat  output  from  the  calrod  was 
controlled  by  a  variac. 

In  this  investigation,  only  the  heating  apparatus 
and  the  model  support  for  the  elastically  supported  cir¬ 
cular  plate  were  constructed.  All  the  rest  of  testing 
apparatus  was  already  available  in  the  mechanical  engineer¬ 
ing  laboratory. 

3 „ 3 o  Temperature  and  its  measurement . 

In  this  investigation  the  temperatures  were  meas¬ 
ured  by  thermocouples.  Honeywell  Type- J  iron-constant an 
thermocouple  wires  were  used.  The  thermocouples  were 
spot  welded  along  the  horizontal  diameter  on  both  faces 
of  the  plate,  as  shown  in  Fig.  6.  The  thermocouples 
were  spot  welded  one  inch  apart  starting  from,  the  centre 
of  the  plate,  and  the  end  thermocouples  were  1/4  in.  away 
from  the  boundary  of  the  plate.  The  exact  location  of 
thermocouples  along  the  diametric  sections  of  the  plates 
are  shown  in  Figs.  7 (a)  and  7(b) . 


.Di.  :  TS'  ■  i 
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Fig.  6.  Spot  welded  Thermocouples  on  the  9  in. 
diameter ,  Clamped  Circular  Plate. 


Fig.  7(a) .  Diametric  Section  of  the  Plate,  showing 
the  Location  of  Thermocouples  for  the 
Simply  Supported  and  Clamped  Circular  Plates. 
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a)  Preparation  and  spot  welding  of  thermocouples. 

To  make  the  thermocouple  junction,  the  ends  of 

both  wires  were  cleaned  with  fine  emery  cloth.  They 
were  then  twisted  together,  and  cleaned  by  dipping  into 
carbon-tetrachloride.  The  thermocouple  junctions  were 
then  held  on  to  the  plate  by  black  adhesive  tape.  Then 
they  were  spot  welded  to  the  plate.  Care  was  taken  to 
ensure  that  the  twist  of  the  thermocouple  wires  terminated 
at  the  point  where  spot  welding  was  done,  and  to  see  the 
thermocouple  wires  were  not  in  contact  with  each  other, 
or  with  the  plate,  beyond  the  spot  welded  junction. 

The  plate  model  and  the  thermocouples  were  held 
between  the  electrodes  of  the  spot  welder,  as  shown  in 
Fig.  8.  On  passing  current  through  the  electrodes,  the 
two  thermocouples  were  simultaneously  spot  welded  on 
opposite  points  of  the  plate  model.  The  spot  welding  was 
done  using  a  Miller  portable  spot  welder,  model  LMSW5Z . 
This  spot  welder  is  primarily  designed  to  operate  on  250 
volts,  but  it  was  operated  on  110  volts,  and  the  current 
was  passed  for  2  1/2  seconds  to  make  each  weld. 

b)  Calibration  of  the  thermocouples. 

Two  different  sizes,  24  gauge  and  30  gauge  Honey¬ 
well  Type-J  iron-constantan  wires  were  used  to  measure  the 
temperatures.  The  24  gauge  wire  was  used  for  the  plate 
model  with  clamped  boundary  conditions,  and  the  30  gauge 
wire  was  used  for  the  other  two  cases. 
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Fig.  8.  Spot  welding  arrangement,  showing  the  Spot 
Welder  Electrodes,  Thermocouple  Wires  and 
the  Plate  Model 0 

Six  thermocouple  junctions  were  made  and  spot 
welded  on  a  2  x  3  x  0.063  in.  aluminum  strip.  This 
aluminum  strip  was  immersed  in  a  mixture  of  melting  ice 
and  water,  and  then  in  boiling  water.  The  temperature 
readings  from  the  recorder  were  compared  with  the  temp¬ 
erature  readings  from  a  mercury  thermometer.  For  any 
one  bath  these  thermocouples  gave  the  same  reading.  This 
procedure  was  done  for  both  (24  and  30  gauge)  wires  sep¬ 
arately.  The  temperature  readings  from  the  recorder  and 
the  thermometer  were  in  good  agreement,  for  the  melting 
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ice  and  boiling  water,  for  the  30  gauge  wire.  For  the 
24  gauge  w ire  the  recorder  gave  lower  readings  of  temp¬ 
erature  for  melting  ice  and  boiling  water.  The  recorder 
readings  were  23F  less  than  the  thermometer  readings. 

Thus,  in  the  case  of  clamped  circular  plate  2°F  were 
added  to  all  the  recorder  readings.  The  thicker  wire 
gave  a  better  joint  than  the  thin  wire. 

c)  Recording  of  the  temperature  readings  from  thermo¬ 
couples  „ 

The  temperatures  were  recorded  by  means  of  Honey¬ 
well  Brown  Electronic  temperature  recorder.  This  recorder 
is  designed  to  read  36  Type-J  thermocouple  wires  and  6 
Type-F  thermocouple  wires.  The  temperatures  were  read 
directly  in  degrees  Fahrenheit  on  a  circular  scale,  which 
was  activated  by  pressing  a  push-button  for  each  thermo¬ 
couple.  It  was  possible  to  read  this  circular  scale 
within  +  1/4  °F  for  each  temperature  reading. 

d)  Axial  symmetry  of  temperature  distribution. 

In  the  case  of  simply  supported  and  clamped  cir¬ 
cular  plates,  axially  symmetric  temperature  distribution 
was  achieved  by  lining  up  the  centre  of  the  plate  with 
the  centre  of  the  infrared  heat  lamp.  The  axial  symmetry 
of  temperature  distribution  was  checked  by  two  methods s 
1.  By  rotating  the  infrared  heat  lamp  about  its  own  axis. 

The  plate  was  heated  for  four  different  angular  pos- 
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itions  of  the  infrared  heat  lamp.  The  corresponding 
readings  of  thermocouples  were  in  good  agreement  for 
all  the  four  positions .  This  proves  symmetrical 
temperature  distribution. 

2.  By  checking  the  Moire  fringe  patterns  for  the  diff¬ 
erent  directions  of  the  grid. 

The  plate  was  heated  and  similar  Moire  fringe  patt¬ 
erns  were  produced  for  0° ,  45°,  90°  and  135°  grid 
directions.  The  grid  directions  are  shown  in  Fig.  9. 
This  similarity  in  Moire  fringe  patterns  shows  that 
the  plate  deflected  symmetrically  with  respect  to  its 
centre . 

In  the  case  of  the  elastically  supported  circular 
plate,  the  plate  was  heated  at  the  edge,  and  similar 
Moire  fringe  patterns  were  produced  for  0° ,  45° ,  90° , 
and  135°  grid  directions.  The  results  showed  that 
the  plate  deflections  were  axisymmetric . 
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90°  (Vertical)  Direction 


Fig.  9.  Grid  Directions  for  the  Tests. 

3.4  Test  Procedure. 

The  well  polished  plate  model,  with  thermocouples 
spot  welded  along  the  horizontal  diameter  on  both  faces, 
was  placed  in  the  test  frame.  Then  the  first  exposure  was 
made  for  the  0°  (horizontal)  grid  direction.  The  plate  was 
then  heated  very  slowly,  and  the  deflection  was  measured 
near  the  centre  of  the  plate  by  a  dial  gauge.  This  pro¬ 
vided  a  check  on  the  maximum  deflection  of  the  plate.  The 
heating  of  the  plate  was  controlled  to  ensure  that  the 
maximum  deflection  of  the  plate  was  less  than  half  the 
thickness  of  the  plate.  The  temperature  and  deflection 
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became  quite  steady  after  about  two  hours,  after  which  the 
dial  gauge  was  removed  and  the  second  exposure  was  made. 

Then  the  grid  was  rotated  to  90’’  (vertical)  direction  and 
the  first  exposure  was  made  on  a  new  negative.  The  plate 
was  allowed  to  cool  to  its  initial  temperature  and  the 
second  exposure  was  made.  It  took  six  to  seven  hours  for 
the  plate  to  cool  to  its  initial  temperature.  In  this 
manner  two  negatives  were  produced,  exhibiting  Moire/  fringes 
in  two  perpendicular  directions. 

It  was  originally  planned  to  test  one  model  as 
simply  supported  and  uniformly  heated  at  the  edge.  On 
testing  it  was  found  that  for  the  simple  support  boundary 
conditions  the  plate  model  did  not  deflect  enough  to  give 
sufficient  Moir^  fringes.  To  increase  the  deflection,  an 
attempt  was  made  to  achieve  clamped  boundary  conditions  by 
tightening  the  bolts  of  the  model  support.  An  examination 
of  the  Moire/  fringes  for  this  case  showed  that  it  was  not 
possible  to  obtain  clamped  boundary  conditions  with  this 
support.  Since  this  model  could  not  be  tested  as  simply 
supported  or  clamped,  it  was  decided  to  test  it  as  an 
elastically  supported  circular  plate.  This  was  done  by 
tightening  the  twenty- four  model  support  bolts  to  a  torque 
of  40  in-lb  each,  in  increments  of  5  in-lb  torque.  While 
tightening  these  bolts  to  40  in-lb,  the  plate  model  deflected 
0.045  in.  at  the  centre.  This  deflection  was  checked  by 
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a  dial  gauge  and  the  Moire^ fringe  analysis.  The  plate 
model  with  this  initial  curvature  was  then  heated.  The 
maximum  deflection  was  of  the  order  of  0.038  in.  For 
this  case,  two  tests  were  run,  and  the  Moire  fringe  patt¬ 
erns  were  produced  for  0°  and  90° ,  and  45°  and  135°  grid 
directions „ 

The  photographs  were  enlarged  to  full  size,  on 
Kodak  Kodabromide ,  light  weight,  A. 5,  photographic  paper. 

The  Moire  fringes  were  traced  and  analysed.  Knowing  the 
slopes  and  curvatures  from  Moire/  fringes,  the  bending  mom¬ 
ents  were  computed  from  equations  (4) „  The  deflections 
were  computed  by  integrating  the  area  under  the  slope  versus 
radius  curve. 


View  showing  the  Dial  Gauge,  measuring  the 
Maximum  Deflection  of  the  Plate  Model. 


Fig.  10. 
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3.5  Calibration  of  the  material  . 

Originally  it  was  planned  to  study  the  thermal 
stresses  in  0=0907  in.  thick  half  hardened  yellow  brass 
plates.  This  material  was  calibrated  to  determine  its 
modulus  of  elasticity,  E,  and  Poisson's  ratio,  v.  After 
this  calibration,  the  simply  supported  and  clamped  circular 
plates  were  neated  with  a  375  watts  infrared  heat  lamp . 

It  was  found  that  the  heat  output  from  this  lamp  was  not 
sufficient  to  deflect  these  plates.  The  study  was  there¬ 
fore  switched  over  to  0.053  in.  thick  aluminum  plates.  The 
value  of  the  bending  rigidity,  D,  for  aluminum  plates  was 


taken  from  reference 
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Three  methods  for  the  calibration  of  the  brass 
plate  were  used  and  are  discussed  below? 


a)  Clamped  circular  plate  with  uniform  loading. 

For  a  uniformly  loaded  clamped  circular  plate  of 


radius,  a,  the  centre  deflection  is 


14 


w 


max 


4 

qa 

64D 


(7) 


Thus,  after  loading  the  plate  and  measuring  the  centre 
deflection,  the  plate  rigidity,  D,  can  be  computed.  The 
clamped  circular  plate  was  loaded  by  air  pressure  applied 
through  a  steel  air  box.  The  air  pressure  was  measured 
by  a  mercury  manometer.  The  centre  deflection  was  measured 
by  a  dial  gauge,  and  was  checked  by  Moire  fringe  analysis 


2 

for  this  loading  (see  Fig.  3) .  For  q  "  6.44  lb/in "  the 
centre  deflection  was  0.03458  in.,  from  the  Moire/  fringe 
analysis.  From  these  values,  the  value  of  D  for  brass 
plate  was  found  to  be  1193  in-lb. 

As  an  additional  check  a  graph  was  plotted  be¬ 
tween  the  centre  deflection,  w  ,  and  the  uniform  loading, 

w  ^ 

q,  as  shown  in  Fig.  11.  From  this  graph  —i-g—  =  5.33x10  in 
and  this  gave  the  value  of  D  for  brass  a  1202  in-lb. 

b)  Square  plate  simply  supported  at  three  corners 
and  loaded  with  a  concentrated  load,  P,  at  the  fourth 
corner . 


A  6  x  6  in.  square  plate  was  simply  supported  at 
three  corners  and  loaded  by  a  point  load  at  the  fourth 
corner.  The  x  and  y  axes  were  taken  along  the  diagonals 
as  indicated  in  Fig.  12(b)  .  Then  Mv;_,  M  and  M  were  con- 

X  ^ 7  ^ ' 7 


Y 


xy 


stant  throughout  the  plate 


7.14 


The  bending  rigidity,  D  is  given  by 

PS 


7,  13 


D  = 


2  ( i— v )  g|) 


(3) 


In  this  test  Moire  fringes  were  produced  for  three  diff¬ 
erent  values  of  P  and  average  S  computed  for  each  loading. 
Knowing  d,  L,  and  v  (which  are  constants),  the  applied  load, 
P,  and  fringe  spacing,  S,  the  bending  rigidity,  D,  was 
computed  from  equation  (3).  The  respective  values  of  P, 


i 

, 


Ma  x imum  Deflection 
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2 

Uniform  Pressure,  q  (lb/in  ) 

Fig.  11.  Maximum  Deflection  versus  Uniform  Pressure,  q,  for 
the  Clamped  Circular  Plate. 
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Fig.  12{a)„  Fringe  Pattern  for  6  in.  Square  Plate 

of  brass.  Thickness  =  0.0907  in., 
Point  load,  P  =  3.8  lbs. 


C 


Fig.  12(b).  Square  Plate  Simply  Supported  at  B,  A 

and  D.  Load  P  applied  at  C. 


number  of  fringes,  average  S  and  D  are  tabulated  in  Table  I 
for  the  three  loadings „ 


Table  I.  VALUES  OF  D,  AVERAGE  S,  NUMBER  OF  FRINGES 

AND  LOAD,  P,  FOR  THE  6  x  6  IN.  BRASS  SQUARE 
PLATE . 


Point  load,  P 

Number  of 

Average  S 

n  -  PS 

(  lb) 

fringes 

jlJ 

2 ( 1-v) 

d  iin 
2L 

2. .9 

8 

1.09 

11.98 

3.4 

9 

0 . 943 

1212 

0 

CO 

10 

0.831 

1198 

c)  Tensile  Test. 

This  is  a  fairly  simple  and  very  reliable  method 
for  determining  the  modulus  of  elasticity,  E,  and  Poisson’s 
ratio ,  v . 

A  24  x  2  in.  brass  specimen  was  cut,  and  two  1/4  in 
Budd  metalfilm  C6-141-B  strain-gauges  were  mounted  on  its 
faces  as  shown  in  Fig.  13.  The  specimen  was  held  in  the 
testing  machine,  by  clamping  6  in.  lengths  on  each  end  in 
the  testing  machine  jaws.  The  specimen  was  loaded  in  the 
testing  machine,  and  the  longitudinal  and  the  transverse 
strains  were  recorded  on  a  BLH  strain  indicator.  This  BLH 
strain  indicator  gave  the  strains  directly  in  micro  inch 
per  inch.  A  maximum  load  of  3,000  lbs .  was  applied  in 


.aTAjq 


t  t*v  5  -  C  .1  n  :i.  5 


Transverse  Strain-Gauge 


3  3 


Fig.  13.  Brass  Specimen  for  the  Tensile  Test. 

increments  of  5QG!  lbs. 

The  specimen  was  loaded  first,  and  then  unloaded 
and  again  loaded.  This  gave  three  sets  of  readings . 
Average  longitudinal  and  transverse  strains  were  calcul¬ 
ated  for  the  specimen,  by  averaging  the  strains  for  both 
faces  of  the  specimen. 

Stresses  versus  longitudinal  strains  were  plotted, 
in  Fig.  14,  to  compute  the  modulus  of  elasticity,  E. 
Longitudinal  strains  versus  transverse  strains  were  plotted, 


in  Fig.  15,  to 

defcc 

5  mine 

Poisson ' 

s  ratio , v . 

This  gave, 

E  ~  16.6  lb/ in . 

2 

ar 

id  v  = 

0.34.  T 

he  value  of 

bending  rig 

idity,  D,  based 

l  on 

these 

values  o 

f  E  and  v  was  found  to 

be  1210  in- lb. 
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Fig,  14,  Stress  versus  Longitudinal  Strain  for  Tensile  Test  on 


900 

800 

700 

600 

500 

400 

300 

200 

100 

0 

■.  1 


35 


i 

a 

Bf 

I 

$ 

/ 

pi) 

O  1st  Run 

'  2nd  Run 

0  3rd  Run 

Q 

100  200  30 

0  400 

Transverse  Strain  (Micro  inch/inch) 

Longitudinal  Strain  versus  Transverse  Strain 


for  Tensile  Test  on  Brass. 


36 


CHAPTER  IV 

RESULTS  AND  DISCUSSION 

The  temperature  distributions,  Moire  fringe  patt¬ 
erns,  dimensionless  deflections  and  dimensionless  bending 
moments  are  presented  in  Figs.  16  to  37,  for  the  three 
kinds  of  tests  conducted  in  this  investigation.  The  temp¬ 
erature  data,  experimental  and  theoretical  results  are  tab¬ 
ulated  in  the  appendix. 

For  the  simply  supported  and  clamped  circular 
plates,  experimental  results  and  Moire  fringe  patterns 
are  presented  for  the  horizontal  and  vertical  grid  directions. 
Moire  fringe  patterns  and  deflection  profiles  are  presented 
for  the  horizontal  and  vertical  grid  directions  for  the 
initial  deflection  of  the  elastically  supported  circular 
plate.  Two  tests  were  done  for  this  case  for  the  horiz¬ 
ontal  and  vertical  grid  directions,  and  45°  and  135°  grid 
directions,  respectively. 

4.1  Simply  supported  circular  plate . 

The  deflections  along  the  horizontal  and  vertical 
diameters  of  the  plate,  obtained  by  the  Moire  method  are- 
very  nearly  the  same.  It  is  clear  from  Table  A. 3,  that 
the  theoretical  deflections  for  the  idealized  case  computed 
from  equation  (3)  are  only  about  one-tenth  of  the  deflections 
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obtained  by  the  Moire  method  for  the  actual  case.  This  dis¬ 
agreement  among  the  deflections  appears  to  be  due  to  the 
following  two  reasons: - 

1.  The  radial  movement  of  the  plate  was  partially  con¬ 
strained  at  the  edge,  therefore  it  deflected  more 
than  it  would  have,  had  it  been  free  to  move  radially 
at  the  edge . 

2.  The  deflection  given  by  equation  (3)  does  not  take 
into  account  the  radial  temperature  gradient. 

From  Fig.  19,  it  is  seen  that  the  radial  bending 

moment,  is  not  zero  at  the  edge  of  the  plate.  This  in¬ 
dicates  that  true  simple  support  boundary  conditions  were 
not  achieved  for  this  test.  The  dimensionless  bending 
moments  for  the  horizontal  and  vertical  grid  directions  are 
in  good  agreement,  except  near  the  centre  of  the  plate.  This 
is  due  to  the  fact  that  it  was  difficult  to  trace  the  fringes 
near  the  centre  of  the  plate,  because  of  interference  by  the 
thermocouple  wires.  From  Table  A. 4,  the  dimensionless 
bending  moments  for  the  idealized  case  computed  from  equations 
(5)  are  only  a  fraction  of  the  dimensionless  bending  moments 
obtained  by  the  Moire  method  for  the  actual  case.  It  is 
interesting  to  note  that  the  theoretical  dimensionless  bend¬ 
ing  moments  computed  from  equations  (5)  do  not  agree  in  sign 
with  the  dimensionless  bending  moments  obtained  by  the  Moire 
method.  This  is  explained  by  the  fact  that  the  temperature 


' 


. 

. 


38 


term  in  equations  (5)  is  comparatively  large,  and  while  com" 
puting  the  moments  by  the  Moire  method  the  curvature  terms  are 

of  a  higher  order  of  magnitude. 

4.2  Clamped  circular  plate. 

In  this  test  the  Moire  fringe  patterns  for  the  hor¬ 
izontal  and  vertical  grid  directions  were  not  exactly  similar. 
It  is  to  be  noted  that  the  same  infrared  heat  lamp  was  used 
to  heat  the  clamped  circular  plates  as  was  used  to  heat  the 
simply  supported  circular  plates.  The  boundary  conditions 
for  the  simply  supported  and  clamped  circular  plates  were 
quite  uniform.  Therefore,  it  appears  that  this  lack  of 
similarity  between  the  two  Moire/  fringe  patterns  could  be 
caused  by  the  initial  curvatures  in  the  plate,  introduced 
by  the  spot  welding  of  thermocouples. 

It  is  seen  from  Fig.  23  that  the  plate  deflected 
more  along  the  horizontal  diameter  (i.e.  for  vertical  grid 
direction) .  This  could  be  explained  by  the  fact  that  the 
plate  warped  more  along  the  horizontal  diameter,  due  to  the 
spot  welding  of  the  thermocouples.  It  is  seen  from  Table  A.  7 
that  the  theoretical  deflections  for  the  idealized  case  given 
by  equation  (3)  are  very  small  in  comparison  with  the  de¬ 
flections  obtained  by  the  Moire"  method  for  the  actual  case. 
This  disagreement  among  the  deflections  appears  to  be  due 
to  the  same  reasons  as  for  the  simply  supported  case. 
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The  curves  for  dimensionless  bending  moments  are 
symmetrical  about  the  centre  of  the  plate  for  each  grid 
direction .  The  bending  moments  and  are  larger  at 
the  edge  for  the  vertical  grid  direction  than  the  bending 
moments  at  the  edge  for  the  horizontal  grid  direction.  This 
is  supported  by  the  Moire  fringe  patterns ,  since  the  fringes 
are  closer  near  the  edge  for  vertical  grid  direction 
as  compared  with  the  fringes  near  the  edge  for  the  horizontal 
grid  direction.  The  value  of  the  dimensionless  bending 
moments  for  the  horizontal  grid  direction  at  the  centre  of 
the  plate  given  by  Moire  method  is  53.974.  The  plotting  of 
the  curves  show  that  this  point  is  in  error.  This  is  due 
to  the  error  in  analysis,  because  the  fringes  were  very  close 
together  and  hidden  by  the  thermocouple  wires  near  the 
centre  of  the  plate  for  the  horizontal  grid  direction,  and 
so  it  was  difficult  to  locate  them  exactly. 

From  Table  A. 8  the  theoretical  dimensionless  bend¬ 
ing  moments  for  an  idealized  case  computed  from  equations  (5) 
are  very  small  in  comparison  with  the  dimensionless  bending 
moments  obtained  by  the  Moire  method  for  the  actual  case. 

The  theoretical  and  Moire  method  dimensionless  bending 
moments  do  not  agree  in  sign  due  to  the  same  reasons  as  for 
the  simply  supported  case. 


. 


40 


4.3  Elastically  supported  circular  plate. 

It  is  seen  from  Fig.  27  that  the  initial  deflection 
profiles  for  the  horizontal  and  vertical  grid  directions  are 
in  good  agreement . 

It  was  not  possible  to  compare  the  results  of  this 
test,  since  there  are  no  theoretical  solutions  available 
for  this  case.  The  boundary  of  this  plate  is  neither  simply 
supported  nor  clamped.  It  is  observed  from  the  Moire  fringe 
patterns  of  this  test  that  the  boundary  conditions  are  close 
to  those  of  a  clamped  boundary. 

From  Figs.  31  and  35,  the  dimensionless  deflections 
along  the  two  respective  perpendicular  diameters  are  in  good 
agreement,  except  near  the  centre  of  the  plate.  It  is  noted 
that  the  fringes  are  close  together  and  hidden  under  the 
thermocouple  wires  near  the  centre  of  the  plate,  and  are 
difficult  to  locate. 

The  dimensionless  bending  moment  curves  for  each 
grid  direction  are  symmetrical  about  the  centre  of  the  plate, 
and  are  in  good  agreement  for  the  respective  perpendicular 
grid  directions  except  near  the  edge  of  the  plate.  The  bend¬ 
ing  moments  tend  to  be  constant  within  a  radius  of  one  inch 
from  the  centre  of  the  plate.  It  is  noted  that  the  Moire 
fringes  in  this  region  are  almost  straight  and  equally  spaced. 

In  these  tests  for  horizontal  and  vertical  grid 
directions,  and  for  45°  and  135°  grid  directions  the  average 
maximum  deflections  due  to  thermal  loading  were  0.03768  in. 
and  0.03126  in.  respectively. 
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Temperature  Distribution  for  the  Simply  Supported  Circular  Plate. 
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Fig.  17(a).  Moire  Fringe  Pattern  for  the  Simply 

Supported  Circular  Plate,  heated  at 

the  centre.  Grid  Vertical.  0.063  in. 

thick  aluminum  plate,  diameter  -  9.078  in. 

Maximum  Deflection,  w  =  0.02755  in. 

’  max 
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Fig.  17(b).  Moire  Fringe  Pattern  for  the  Simply 

Supported  Circular  Plate,  heated  at  the 

centre.  Grid  horizontal.  0.063  in.  thick 

aluminum  plate,  diameter  =  9.078  in. 

Maximum  Deflection,  w  =  0.02787  in. 

’  max 


the  Simply  Supported  Circular  Plate. 
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Fig.  22(a).  Moire  Fringe  Pattern  for  the  Clamped 

Circular  Plate,  heated  at  the  centre. 
Grid  vertical.  0.063  in.  thick  al¬ 
uminum  plate,  diameter  =  9.0  in. 
Maximum  Deflection,  wmax  ”  0.02982  in. 
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Fig.  22(b).  Moire  Fringe  Pattern  for  the  Clamped 

Circular  Plate,  heated  at  the  centre. 
Grid  horizontal.  0.063  in.  thick  al¬ 
uminum  plate,  diameter  -  9.0  in. 

Maximum  Deflection,  w  =  0.02800  in. 
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Fig.  26(a).  Moire  Fringe  Pattern  for  the  Elastically 

Supported  Circular  Plate,  for  the  Initial 

Deflection.  Grid  vertical.  0.063  in. 

thick  aluminum  plate,  diameter  ”  8.016  in. 

Maximum  Deflection,  w  =  0.04508  in. 

5  max 
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Fig.  26(b).  Moire"  Fringe  Pattern  for  Elastically 

Supported  Circular  Plate,  for  the  Initial 

Deflection.  Grid  Horizontal.  0.063  in. 

aluminum  plate,  diameter  =  8.016  in. 

Maximum  Deflection,  w  =  0.04428  in. 

J  max 


Grid  Vertical 


Initial  Deflection,  w,  versus  Radius,  r,  for  the  Elastically 
Supported  Circular  Plate. 
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28 .  Temperature  Distribution  for  0°  and  90°  Grid  Directions  Test 
for  the  Elastically  Supported  Circular  Plate. 
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Fig.  30(a).  Moire'’  Fringe  Pattern  for  the  Elastically 

Supported  Circular  Plate,  heated  at  the 

edge.  Grid  Vertical.  0.063  in.  thick 

aluminum  plate,  diameter  =  8.016  in. 

Maximum  Deflection,  w  =  0.03913  in. 

*  max 
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Fig.  30(b).  Moire  Fringe  Pattern  for  the  Elastically 

Supported  Circular  Plate,  heated  at  the 

edge.  Grid  Horizontal.  0.063  in.  thick 

aluminum  plate,  diameter  =  8.016  in. 

Maximum  Deflection,  vr  v  =  0.03622  in. 
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Fig.  34(a)  . 


Moire  Fringe  Pattern  for 
Supported  Circular  Plate 
edge.  Grid  at  45°.  0 

uminum  plate,  diameter 
Maximum  Deflection, 


the  Elastically 
f  heated  at  the 
063  in.  thick  al- 
=  8.016  in. 
w  =  0.03042  in, 
max 


Fig,  34(b) .  Moire  Fringe  Pattern  for  the  Elastically 

Supported  Circular  Plate,  heated  at  the 
edge.  Grid  at  135°.  0.063  in.  thick  al¬ 

uminum  plate,  diameter  ==  8.016  in. 

Maximum  Deflection,  w  =  0.03210  in. 

3  max 
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CHAPTER  V 


SUMMARY  AND  CONCLUDING  REMARKS 


5.1  Summary  and  Concluding  Remarks. 

1.  It  appears  from  this  investigation  that  the  Moire^ 
method  can  be  used  to  determine  the  deformations  of  therm¬ 
ally  loaded  thin  metallic  plates.  The  accuracy  of  the 
method  has  been  verified  by  independent  measurement  of 

the  central  deflection  using  a  dial  indicator.  The  number 
of  Moire7  fringes  is  proportional  to  the  slope  of  the 
plate,  namely,  one  fringe/0.002  radians.  It  is  noted 
that  several  fringes  (4-6)  are  required  for  the  accurate 
analysis  of  the  results. 

2.  The  model  supports  used  in  this  investigation  did 
not  allow  free  radial  movement  at  the  edge  of  plate.  This 
radial  constraint  introduces  membrane  forces,  which  tend 
to  increase  the  deflection  of  the  plate. 

In  the  case  of  simply  supported  circular  plate, 
the  maximum  temperature  differences  across  the  thickness 
and  the  radius  of  the  plate  were  3°F  and  32°F,  respectively, 
and  the  average  maximum  deflection  was  0.02771  in.  For 
the  clamped  circular  plate  the  respective  temperature 
differences  were  1.5°F  and  6.25°F,  and  the  avereage  max¬ 
imum  deflection  was  0  ,,02891  in.  The  room  temperature  for 
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both  tests  was  about  70°F .  From  this  information  it  is 
seen  that  a  smaller  temperature  difference  was  required 
for  the  clamped  circular  plate  in  comparison  with  the 
simply  supported  circular  plate  to  produce  deflections 
of  the  same  magnitude.  This  is  largely  due  to  the  fact 
that  the  clamped  circular  plate  was  probably  fully  con¬ 
strained  from  moving  radially  at  the  edge,  while  the  simply 
supported  circular  plate  was  only  partially  constrained 
from  moving  radially  at  the  edge. 

3.  As  mentioned  in  paragraph  2,  the  ideal  boundary 
conditions  were  not  achieved  in  this  investigation.  For 
this  reason  the  theoretical  deflections  calculated  (pages 
74  and  78)  bear  no  relation  to  the  experimental  results 
and  this  explains  the  large  discrepancy  between  the  two 
sets  of  results. 

In  an  attempt  to  gain  an  insight  into  the  situation, 
the  following  approximate  analysis  was  done. 

On  the  assumption  that  the  boundary  did  not  move 
and  using  experimental  central  deflections  it  was  found 
that  the  following  two  equations  closely  represent  the 
deflections  for  the  simply  supported  and  clamped  circular 
plates,  respectively, 

w  =  k1(r)  and  w  =  k?  ( a  -r  )  , 

where  k^  and  k^  are  experimental  constants. 

The  lengths  of  these  deflection  curves  were  calculated  by 
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integration.  The  difference  between  the  lengths  of  these 
curves  and  the  original  plate  diameters  is  quite  small  as 
compared  with  the  diametric  thermal  expansions  calculated 
for  free  discs  based  on  the  experimental  temperature  dis¬ 
tributions  along  the  middle  surface  of  the  plate.  This 
difference  can  be  attributed  to  two  factors:  firstly,  an 
increase  in  the  diameter  of  the  model  supports  due  to  their 
increased  temperature,  and  secondly  slippage  of  the  plates 
at  the  supports.  Simple  approximate  calculations  indicate 
a  radial  slip  of  0.001  in.  for  the  simply  supported  plate, 
and  a  radial  slip  of  0.0001  in.  for  the  clamped  plate. 

4.  In  all  the  three  cases  studied  the  plates  were 
not  perfectly  flat,  and  on  thermal  loading  they  deflected 
in  the  direction  of  the  initial  deflection. 

5.  There  Ls  a  possibility  of  some  error  in  the  meas¬ 
urement  of  temperature  during  the  tests.  This  is  probably 
due  to  the  non-uniformity  in  the  thermocouple  junctions, 
and  the  poor  resolution  of  the  circular  scale  of  the 
temperature  recorder.  It  was  only  possible  to  read  with¬ 
in  +  ^°F  on  this  scale. 

6.  One  of  the  difficulties  in  the  experimental  work 
was  to  handle  the  spot  welded  thermocouple  junctions.  These 
junctions  broke  very  easily,  because  they  were  very  brittle. 


. 


69 


REFERENCES 


1. 

2  . 

3  . 

4  . 

5. 

6  . 

7 . 


y . 


9  . 

10. 


11  „ 


12. 


J.E.  Goldberg,  Axisymmetric  Flexural  Temperature  Stress 
in  Circular  Plates'1,  Journal  of  Applied  Mechanics,  Vol.  20, 
pp  257-260.  (1953). 


M.  Forray  and  M.  Newmann,  "Ax i symmetric  Bending  Stresses 
in  Solid  Circular  Plates  with  Thermal  Gradients".  Journal 
of  Aero  Space  Sciences.  Vol.  27,  pp  717-718.  (1960). 


B  „  A  „  Roley  and  J.H.  Weiner,  "Theory  of  Thermal  Stresses". 
John  Wiley  and  Sons;  New  York,  I960. 


W.  Flugge, 

Hill  Book  Co 


"Hand-book  of 

;  New  York, 


1962 . 


ics 


McGraw 


G.  Gerard  and  A.C.  Gilbert,  "Photothermoelasticity s  An 
Exploratory  Study".  Journal  of  Applied  Mechanics.  Vol.  24, 
pp  355-360  (1957) . 


H.  Becker  and  A.C.  Colao,  "Photothermoelastic  Investig¬ 
ation  of  Thermal  Stresses  in  Flat  Plates".  Journal  of 
Basic  Engineering-.  Vol.  85,  pp  566-568.  (1963). 


P.K.  Ligtenberg,  "The  Moire  Method  -  new  experimental 
Method  for  determination  of  moments  in  small  slab 
models".  Proceedings  of  the  Society  for  Experimental 
Stress  Analysis.  Vol.  12,  No.  2,  pp  83-98.  (1954). 


W.A.  Bradley,  "Laterally  Loaded  Thin  Flat  Plates". 
Proceedings  of  A.S.C.E.  (EM)  Vol.  85,  pp  77-107.  (1959). 

H.Y.  Tso,  "A  Study  of  Laterally  Loaded  Thin  Flat  Plates 
by  the  Moire  Method".  Master's  Thesis,  University  of 
Alberta. ,  1963  . 


O.C.  Zienkiewicz  and  C.  Cruz,  "The  Use  of  the  Slab 
Analogy  in  the  determination  of  Thermal  Stresses". 
International  Journal  of  Mechanical  Sciences,  Vol.  4, 
pp  285-296.  (1962). 

C.A.Sciammarella  and  B.E.  Ross,  "Thermal  Stresses  in 
Cylinders  by  the  Moire  Method" .  Proceedings  of  the 
Society  for  Experimental  Stress  Analysis,  Vol.  21, 

No.  2,  pp  289-296.  (1964). 

J.N.  Goodier,  "Thermal  Stress  and  Deformation". 

Journal  of  Applied  Mechanics,  Vol.  23,  pp  467-474.  (1957)  , 


f 


1°..?  . 

.  ;rei  .Xioy  wsh 

f  Jsedli*  .0.  £  Jbas  t  ie 

,  (V2€-  )  C  q 


tsnimTviisb 


TALA,  Bradley,  "The  determination  of  moments  and  deflect 
ions  in  plates  by  the  Moire  method  and  by  Finite 
Difference  with  application  to  the  square  clamped  plate 
with  square  cutouts".  Doctoral  Thesis.  University  of 
Michigan „  1956. 

S„  Timoshenko,  "Theory  of  Plates  and  Shells81. 

Hill  Book  Co.,  New  York,  1959. 


McGraw 


APPENDIX 


(Data  and  Numerical  Results) 


TABLE  A.l  TEMPERATURE  DISTRIBUTION  FOR 
SIMPLY  SUPPORTED  CIRCULAR  PL. 
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Initial  plate  temperature  “  70°F 

Final  plate  temperature  =  713F. 
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Table  A .  3  COMPARISON  OF  DEFLECTIONS  BY  MOIRE  METHOD 
AND  THEORY*  FOR  THE  SIMPLY  SUPPORTED 
CIRCULAR  PLATE. 


74 


£ 

r-i  « 

rd  a 
u  0 

-H 

1 

t"- 

m 

in 

in 

in 

r-> 

n- 

JJ  Jj 

nr 

cn 

o 

cn 

i.O 

O', 

o 

cn 

CM 

<])  c 

to 

*4' 

CM 

n 

ob 

'.0 

CM 

Mi1 

in 

L  d  r 

j 

o 

rH 

CM 

cm 

CM 

CM 

CM 

rH 

CD 

o  *L  ! 

o 

o 

O 

O 

o 

o 

O 

o 

o 

0  IM  H 

o 

o 

O 

O 

o 

o 

a 

o 

o 

A  0  " 
Eh  Q 

O 

0 

o 

o 

ft 

a 

c< 

o 

e 

O 

ft 

o 

s 

O 

o 

0 

o 

o 

tn 

£ 

0 

1 - 1 

aH 

rd 

•P 

4J 

CJ 

T3  £ 

MS’ 

r* 

o 

i> 

0 

•H  O 

cm 

o 

in 

in 

CD 

rH 

U  N 

b* 

CM 

cn 

m 

r-- 

lH 

O  -H 

o 

rH 

H 

CM 

CM 

0 

M 

U 

o 

o 

O 

a 

Q 

O 

0 

0 

e 

0 

e 

\ 

tn 

o 

o 

o 

O 

O 

O 

ffi 

•H  o 

Q  E  : 

•V,  ** 

rH 

0 

t1  rd 

O'* 

o 

O 

in 

(71 

-H  □ 

CM 

o 

10 

in 

rd 

M  “H 

CM 

cn 

in 

r- 

M 

O  L 

M 

o 

rH 

rH 

CM 

CM 

04 

o 

o 

o 

o 

O 

•s, 

© 

0 

0 

ft 

e 

It 

k 

> 

o 

o 

o 

o 

o 

o 

i — 1 

rd 

4J 

o 

o 

'd  G 

OQ 

CO 

o 

•<0 

r- 

cO 

c. 

•H  O 

CM 

o 

["> 

T' 

CO 

CM 

6 

CM 

o 

iM  N 

CM 

CT> 

in 

0- 

m 

cn 

CM 

Mi1 

■  H 

0  *h 

o 

i — i 

rH 

CM 

CM 

CM 

rH 

rH 

o 

JJ 

M 

o 

o 

o 

O 

o 

O 

o 

o 

o 

ef  lee 

*•'  *■  e 

0 

lb 

o 

ft 

o 

e 

O 

0 

a 

e 

o 

ft 

o 

0 

O 

0 

o 

e 

o 

0 

o 

o 

q  : 

r7 

vfl)  M 

rH 

o 

U 

id  rd 

ad 

CD 

CM 

CO 

in 

mS1 

CM 

*H 

•H  u 

CM 

rH 

r~ 

in 

m 

CM 

*vT 

o 

CM 

O 

P  “H 

CM 

cn 

m 

r- 

in 

on 

CM 

or1 

;s| 

rd  jj 

o 

rH 

rH 

CM 

CM 

CM 

rH 

rH 

o 

u 

o 

a 

o 

CO 

O 

O 

o 

o 

CD 

(I) 

o 

• 

0 

a 

ty 

0 

« 

c 

> 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

cn 

cn 

O'! 

cn 

o 

cn 

d*  o 

in 

o 

o 

o 

O 

o 

o 

o 

in 

rd  r-i 

0$  H 

6 

Mi1 

1  0 

|  ^ 

0 

ro 

« 

CM 

0 

i — 1 

|  o 

rH 

CM 

e 

CO 

ft 

Ml* 

m 


G 

O 

-H 

-P 

rd 

p 

tj1 

(D 

f4 

O 

'd 

(!) 

m 

rrj 

m 


* 


Table  A  A  COMPARISON  OF  DIMENSIONLESS  BENDING  MOMENTS  BY 

moire"  method  and  theory*  for  the  simply 

SUPPORTED  CIRCULAR  PLATE » 
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Table  A . 5  TEMPERATURE  DISTRIBUTION  FOR  THE 
CLAMPED  CIRCULAR  PLATE . 
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Based  on  equatio 


Table  A. 8  COMPARISON  OF  DIMENSIONLESS  BENDING  MOMENTS  BY 

MOIRE"  METHOD  AND  THEORY*  FOR  THE  CLAMPED 
CIRCULAR  PLATE „ 
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Based  on  equations  (5) 


TEMPERATURE  DISTRIBUTION  FOR  THE  ELASTICALLY 
SUPPORTED  CIRCULAR  PLATE. 
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able  A. 11  DIMENSIONLESS  DEFLECTIONS  AND  BENDING  MOMENTS 
FOR  THE  ELASTICALLY  SUPPORTED  CIRCULAR  PLATE, 
FOR  45°  and  135°  GRID  DIRECTIONS. 
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